Abstract The aim of this study was to optimize the separation of biogenic amines with ion-exchange highperformance liquid chromatography, using the modified simplex method. A modified chromatographic response function was used, and two methodological parameters were selected as simplex variables: the proportion of the organic solvent 2-propanol in the mobile phases, added as a new mobile phase, and the variation of the gradient curve at one specific step in the elution program. In optimum conditions the correct resolution and separation of the biogenic amines (tyramine, b-phenylethylamine, histamine, tryptamine, putrescine, cadaverine, agmatine, spermidine and spermine) were completed in 16 min, reducing the analysis time by 9 min compared with the original method. The regression coefficients were higher than 0.99 in all the amines, except for spermine (0.989). The detection limits varied between 0.06 mg/L, for histamine and agmatine, and 0.22 mg/L, for tryptamine, while retention time repeatability, determined as a relative standard deviation, was between 4.64% for histamine and 11.95% for tryptamine. The repeatability variation for the amine concentrates was found between 0.71% in cadaverine and 3.23% for tryptamine. Applying the optimized method to samples of refrigerated sardine and sea bream demonstrated the effectiveness of the method in these fish species.
Introduction
The formation and evolution of biogenic amines in fish and fish products has been the subject of many studies in recent years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . To a considerable extent this interest is due to their relationship with episodes of toxic processes resulting from the consumption of fish with high quantities of biogenic amines, particularly histamine. The Scombridae family includes the fish most commonly related to this intoxication, and for this reason it was originally known as ''scombroid poisoning'' [2, 6, 8] . However, other species of fish which do not belong to the scombroid family have also been responsible for poisoning because of high levels of free histidine in their muscular tissue [11] , so that this illness is now more correctly called histamine poisoning.
The UE requires that nine samples must be tested from each lot, and the mean value must not exceed 100 mg/Kg. The lot is rejected if the results of more than two samples are between 100 and 200 mg/Kg, or if any sample has a value exceeding 200 mg/Kg [12] . The Food and Drugs Administration, on the other hand, set a 50 mg/kg concentration as the safe permitted limit [11] . However, histamine does not seem to be the only causal agent of histamine poisoning, as it is not in itself toxic when administered orally [13] . Other amines such as putrescine and cadaverine are also implicated, as they increase histamine toxicity [11] .
On the other hand, biogenic amines have also aroused interest in their potential use as quality indices [1, 4, 9] or as potential freshness indicators for fish [2, [14] [15] [16] .
The determination of these amines has been carried out applying different analysis techniques [5, 8, 17] . In some cases the determination is carried out individually for a single amine, as is the case with the official method [17] . However, the combined determination of all the amines is more common, using methods such as thin-layer chromatography (TLC) with detection ranges in the order of 0.5-1 mg/L of amine [3] , capillary electrophoresis, with detection limits between 2 and 10 mg/kg [18] , or the most common method, high-performance liquid chromatography (HPLC) techniques. These use either pre-column or post-column derivatization with different column types, reverse phase C 18 or ion exchange, giving lower detection ranges and analysis times. Various derivatization reagents have been assayed including benzoyl chloride, dansyl chloride or o-Phthalaldehyde (OPA), which is the most common [2, 10, [19] [20] [21] .
The evolution of the analytical methods is aimed at determining the greatest possible number of analytes, improving resolution and reducing analysis time. The different systems used for the optimization of chromatographic methods include taboo searches or methodologies based on the response surface models [22, 23] , but the simplex method is outstanding in terms of simplicity and potential when working with HPLC analysis [24] [25] [26] . This system consists of quantifying the effects that specific changes in different variables cause in the process behavior, and extracting from these results the direction of new changes in variables to improve this behavior and so achieve the proposed method optimization [27, 28] . As far as the authors are aware, the simplex optimization method has not previously been applied to the determination of biogenic amines and so the aim of this paper is to study the optimization of an HPLC method in ion-exchange column with post-column derivatization and OPA as derivitizing agent, normally used in our laboratory ( [29] , modified by [1] ), and which allows the joint determination of seven biogenic amines (tyramine, histamine, putrescine, cadaverine, agmatine, spermine and spermidine), with resolution of all peaks in 30 min (Fig. 1 ). This optimization is intended to reduce the total chromatographic analysis time, and to resolve correctly two new amines, b-phenylethylamine and tryptamine. The determination of these two amines can be considered of interest, due to their implication in toxicological processes [8] . b-phenylethylamine is considered to be an endogenous neuromodulator of the dopaminergic response, so that its ingestion from exogenous sources may have toxic effects, such as migraine in susceptible individuals, while Tryptamine is a vasoactive amine which may provoke an increase in blood pressure [30] . Both amines have recently been identified in species such as sardines, barramundi or rainbow trout [4, 9, 15] , but conclusions as to their evolution during the storage of different fish species remain unclear.
Materials and methods

Reagents and standards
Trichloroacetic acid and 2-propanol (HPLC grade) were purchased from Panreac (Barcelona, Spain). OPA (ref. O120) and mobile phases K-130 potassium column regenerant, K-600 potassium phosphate buffer and K-563 potassium phosphate buffer were those commercially provided by Pickering Laboratories (1280 Space Park Way, Mount View, CA 94043 USA). External standards agmatine sulfate salt, cadaverine dihydrochloride, histamine dihydrochloride, b-phenylethylamine hydrochloride, putrescine dihydrochloride, spermidine trihydrochloride, spermine tetrahydrochloride, tyramine hydrochloride and tryptamine-crystalline were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Standard amines solutions with concentrations of 0.1-10 mg/L were prepared from a stock solution of 1,000 mg of individual biogenic amines/L of trichloroacetic acid 7.5%, to use in calibration studies.
Analysis of biogenic amines by ion-exchange chromatography
Determination of biogenic amines was carried out using a HPLC with a quaternary pump model 1022 with an injection loop of 10 lL and connected to a Pickering PCX 3100 post-column system (Pickering Laboratories, Mountain View, Ca, USA) with a fluorescence detector LC 240 (Perkin Elmer, Spain) The optical density was 330 nm excitation and 465 nm emission using OPA reagent [Pickering Laboratories, Mountain View, CA (USA)] postcolumn reagent. The biogenic amines were separated in a cation-exchange column (K ? , 4 mm 9 150 mm) with a 10 lm particle diameter and a pre-column (K ? , 3 mm 9 20 mm) also with a 10 lm diameter particle (Pickering Laboratories, California, USA), following the Ruiz-Capillas and Moral [1] methodology with some modifications briefly described below. Flows were programmed at 0.8 mL/min for the mobile phases, the time for step 1 was reduced from 6-5 min, and time for step 3 increased from 6-10 min, compared with the Ruiz-Capillas and Moral [1] method. The gradient elution program for the separation of biogenic amines is shown in Table 1 . Identification and quantification of amines was made on the basis of retention time and areas by comparison with the standard solutions.
Simplex method
The sequential simplex algorithm is an evolutive method for rapid optimization of multifactor interactive systems. This response surface search method removes the worst experiment from an initial simplex of k ? 1 vertex, where k represents the number of variables to be assayed. The discarded point is reflected by a new one, in the opposite direction, according to a set of specific rules [27, 28] . The process evolves toward the optimum by simultaneously changing all factors in every vertex, and evaluating the effect on the chromatographic response function (CRF), a quality criterion of the results.
Calibration of method
To define the detection and quantification limits, the concentration in the blank was determined by extrapolating the regression lines of the calibration curves of each amine. These curves were calculated from the chromatograms obtained from the analysis of five standard samples, with concentrations of 0.1, 0.5, 1, 5 and 10 mg/L of each amine, with each assay carried out in triplicate. Three times standard deviation of the blank was added to this data to calculate the limit of detection and ten times standard deviation of the blank to calculate the quantification limit [31] . The repeatability of the method for the retention times and biogenic amine concentrations was studied with 8 analyses of standard samples of the nine biogenic amines, in a 10 mg/L solution, to determine the relative standard deviation (RSD) for the retention times and total areas for each amine.
Samples
The samples chosen for this study of the effectiveness of the method optimization were sardine (Sardina pilchardus) and sea bream (Sparus aurata), in chilled storage, because of the high consumption of these two fish species in Spain and other countries [32] and because these species have been identified in cases where amine levels have affected health, especially in sardines [4, 33] .
The sardines were captured by the Isla Cristina fleet (Huelva, Spain), stored on board in polystyrene boxes with ice and sent within 18 h of landing to our laboratory in a refrigerated truck. The sea bream were acquired from a fish farm in Murcia (Spain), which uses cultivation techniques with suspended cages. They were placed in boxes with ice and sent to our laboratory within 8 h in a refrigerated truck. On receipt, any damaged samples were discarded and the selected individuals were washed and stored in new polystyrene boxes with ice. They were then placed in a chilled chamber with constant temperature 2 ± 1°C, where they were kept until spoilage, which occurred after 12 days storage for the sardines and 17 days storage for the sea bream.
Sample preparation
Samples were prepared from ten (sardine) or five (sea bream) individuals. They were gutted, skinned and cut into slices and then all the muscle was mixed to obtain homogeneous representative samples. These analyses were run on day 0 and at the end of the storage period.
The extracts for the biogenic amines assays were prepared by blending 5 g of sample with 10 mL of 7.5% trichloroacetic acid in an ultraturrax homogenizer (20,000 rpm, 3 min) and centrifuged at 5,000 rpm for 10 min at low temperature (4°C) in a desktop centrifuge (Sorvall RTB6000B, DuPont, USA). The supernatants were decanted through Whatman No. 1 filter paper and then filtered through a 0.22 lm nylon syringe filter (Advantec, MFS, Inc.). 10 lL of this filtration was injected into a HPLC. Results are the average of at least three replicates [1] .
Biogenic amine index (BAI)
The chemical quality index for sardine and sea bream was calculated based on the BAI described by Karmas [16] . BAI = (histamine ? putrescine ? cadaverine)/(1 ? spermidine ? spermine). The samples were classified as acceptable (0-1), borderline (1-10) or unacceptable ([10) quality.
Statistical analysis
Data were presented as the mean, standard deviation (SD) and RSD. Linear regressions were performed, with concentration as a dependent variable and time as an independent variable. The software used for these analyses was the statistical package SPSS 14.0 for Windows (SPSS Inc., Chicago, IL, USA).
Results and discussion
Simplex method
Control variables selected and initial simplex
Two methodological parameters (organic solvent 2-propanol composition in mobile phases and gradient curve of the elution program) were selected, and three mathematical variables were obtained for the simplex study. The choice of these two parameters, rather than more usual control variables such as pH or salt concentration, was based on their important effects on the chromatographic characteristics of amine separation, and on their suitability for the purpose of developing a continuous and automated assay of the simplex optimization. Nevertheless, the use of organic solvent composition in mobile phases has to be carefully considered. Various authors [25, 26] have pointed out that the use of organic solvents such as 2-propanol modifies the pH, favouring the column retention capacity.
Additionally, depending on the concentrations used the increase in viscosity or density of the mobile phases also influences retention times, but causes polymer column swell and build up of backpressure if added in excessive amounts, which could affect the separation mechanism.
For the first two variables the organic solvent 2-propanol was mixed in each of the two mobile phases (A: K-600 and B: K-563) of the original method (Table 1) , incorporating this 2-propanol as a new mobile phase of the method, which also facilitated the simplex process, as the proportions of the organic solvent could be modified automatically with the quaternary pump between consecutive assays. The 2-propanol forms part of the original composition of phases A and B in different proportions (11% in the K-600, 4% in the K-563).
Finally, the third variable selected for the study was the modification of the gradient curve in step 2 of the elution program. In the original method this curve is configured with a linear gradient with value 1 (Table 1) and is a critical part of the method, as it regulates the mixing of the mobile phases and therefore influences the separation and resolution of the amines resolved in this step and in the baseline stability. As in the addition of 2-propanol, this variable was also suitable for immediate modification between consecutive simplex assays by quaternary pump programing.
The boundary conditions of the variables for the simplex process (Table 2) are determined from previous assays, where the proportion of 2-propanol is gradually increased in each phase. The minimum values established were 5% of 2-propanol, mixed with 95% of mobile phase A and 10% of 2-propanol in 90% of mobile phase B, as these solvent concentrations did not show differences in retention times compared with the original method. The maximum values taken were 15% of 2-propanol in 85% of mobile phase A and 30% of 2-propanol mixed with 70% of phase B, as these proportions caused increased pressure above the limit specified for the column (3,500 psi). The boundary conditions of the gradient curve were only imposed by the limits of the pump program itself (from -9.9 to 9.9). From this data, the origin of the initial simplex was determined using Excel 2003 (Microsoft, Redmon, WA, USA), according to the usual rules of the modified simplex method to calculate new vertices [28] . The values obtained for each variable are shown in the four initial vertices in Table 2 . Chromatographic response function (CRF)
The optimization of the biogenic amines separation is determined by calculating the value of the specific CRF at each vertex of the simplex [27] . The CRF is a flexible function, which allows the criteria and resolution required to be specified [24] [25] [26] . In this study the CRF equation is as follows:
where R i is the resolution between correlative peak pairs, determined as
where t R is the retention time of each peak, and hv is the minimum height of the trough between both peaks, measured from the chromatogram baseline. T Agm is the retention time of the last peak eluted in step 2 (agmatine), T m is the total time of the required analysis, T Spm is the retention time of the last eluted peak (spermidine), and a, b, c and d are weighting factors selected by the operator. The design of the equation allows a maximum to be reached when the system is optimized. This optimum is determined for a total analysis time of 18 min with the 9 biogenic amines correctly resolved. For this reason, the term for the number of peaks resolved which appears in other studies was eliminated [26, 27] and it was taken as just another boundary condition, discarding the vertices that did not resolve the 9 peaks.
The agmatine retention time was incorporated into the function due to its critical importance in determining the impact of the gradient curve variations. This impact was incorporated into the assays establishing the dependence of the step time interval in the chromatogram and the agmatine retention time. This ratio was also applied to the spermine retention time, to adjust the time interval of the corresponding steps.
The weighting factor ''a'' was established for each pair of correlative peaks tending to coelution, to increase their separation. This means the value of this factor was set at ''1'' for the 2-phenylalanine-histamine and histaminetryptamine pairs, with a high risk of coelution, and at ''0.5'' for the tryptamine-putrescine, putrescine-cadaverine and cadaverine-agmatine pairs, with a more moderate trend. The peak pairs with sufficient separation and resolution, with no risk of coelution, were ignored in the function. Finally, the value of ''b'' was established as ''1,'' while ''c'' and ''d'' were fixed as ''3'' and ''0.5,'' respectively, to give appropriate weight in the equation to the total elution time of the last peak.
Development of the simplex method
The test conditions and CRF values for the 4 initial vertices of the simplex are shown in Table 3 . The point corresponding to the lowest CRF value (experiment no. 4) is shown on the surface defined by the other three points, producing a fifth series of conditions to be evaluated. The CRF value in this series (7.298 experiment no. 5) indicates that the simplex is moving in the right direction. The process was repeated sequentially, calculating new vertices until an optimal one was obtained.
The rules of contraction, expansion or reflection were used according to the usual norms of the simplex method [28] . In experiment no. 7 the test conditions reflected a boundary violation of one of the experimental variables, as the 2-propanol concentration in mobile phase A (3.48%) was lower than the limit set in Table 2 (5%). This vertex was rejected, and the simplex was made to return to within the boundaries of the experimental domain calculating a new series of variables through a negative contraction. The change of direction led to an apparent distancing from the optimal area that recovered quickly in the following vertices, as shown in the diagram of the CRF variation compared with the number of simplex movements (Fig. 2) confirming that the method used is robust and reliable. The process was halted after 15 experiments (Table 3 ) due to the few variations in the CRF observed after experiment no. 10, where the best result was obtained (16.446) , and to the successive contractions imposed by the rules of the modified simplex in the last vertices, signaling that we were approaching the optimum.
The conditions of the optimum were selected based on the information from the vertex of experiment no. 10 (Table 3 ). These data led to the development of the elution program for the optimized method as shown in Table 4 , where the differences can be seen in the 2-propanol concentrations added in the different steps of the method as well as the change in the gradient curve of step 3, fixed at -6.4. Under these new conditions the chromatogram in Fig. 3a was obtained. The nine peaks appear satisfactorily resolved in 16 min, which means the analysis time is reduced by 9 min compared with the 25 min for the original method (Table 1) , as spermine, the last amine determined, elutes at 15.78 min. It was observed that the greatest difference in the step start times compared with the original method occurs in step 3, at 5 min earlier. This result may indicate a greater importance of the gradient curve variation for the reduction of the total analysis time, as this moves from 1 to -6.4, compared with the changes in the organic solvent concentration in the mobile phases. On the other hand, tryptamine, which presented problems of overlap and coelution throughout the simplex assays, appears correctly resolved, between the peaks of histamine and putrescine, an effect that can be attributed to the increased concentration of 2-propanol in step 1 of the gradient program.
Validating the chromatographic method
The regression curves and correlation coefficients for each of the amines studied are shown in Table 5 , where it can be observed that all coefficients were higher than 0.99, except spermine (0.9896).
The detection and quantification limits as well as the retention times, repeatability of these times and the mean concentrations of each amine in the optimized method are shown in Table 6 .
The detection limit calculated from the regression curves was around 0.2 mg/L for tryptamine and spermidine, while b-phenylethylamine, putrescine, cadaverine and spermine showed values of around 0.1 mg/L (Table 6) . Tyramine, histamine and agmatine presented the best results, with a detection limit between 0.06 and 0.08 mg/L. These data are comparable to those obtained in some studies of analysis methods for biogenic amines in postcolumn and derivatization with OPA [10, 29, 34] where results obtain limits between 0.03 and 0.06 mg/L, although these are higher than those recorded in other studies with the same methodology [20] . Tryptamine presented the greatest RSD in the repeatability study of the concentrations from the 9 amines determined, reaching a value of 3.23%. This amine also showed a very high RSD (11.95%) in retention time compared with those obtained for the other biogenic amines, which may reveal an adverse effect of 2-propanol on the ion-exchange separation mechanism, increasing the hydrophobic partition of analyte to mobile phase. The variations observed in this amine retention time during the development of the simplex may help to explain these results. The low retention time repeatability for cadaverine (8.12%) is also notable, which may be another collateral effect of the added 2-propanol, enhanced by the location of the cadaverine on the chromatogram, between putrescine and agmatine, with some degree of overlap. These results require careful identification of amine peaks resolved in the second step of the elution program. For the other biogenic amines, the retention time repeatability varied between the RSD values of 4.64% (histamine) and 6.68% (b-phenylethylamine), while the deviation of the concentrations presented values between 0.71% for cadaverine and 2.61% for histamine. These results are comparable to earlier studies of biogenic amines analysis by post-column derivatization, with OPA as derivatizing agent [10, 20, 34] , where the repeatability of the concentrations varies, depending on the amine considered, from 0.26 to 2.20%, with a mean RSD for retention times of 5%. Our data are also similar to the results obtained in pre-column methods with OPA [19] , where the retention time RSD varies between 0.80 and 3.90%, while the repeatability of the concentrations of the different amines, determined as RSD of the chromatographic response factor, ranges from 1.78 to 5.80%.
Samples
The biogenic amines levels in fresh sardine muscle at the start of storage did not exceed 0.6 mg/kg (Table 7) , except for the spermidine and spermine amines, where the basal concentration was 6.66 and 10.01 mg/kg, respectively, as these biogenic amines are present naturally in the muscle of this species. These results agree with those presented by the BAI: 0.04 for sardine, classifying these samples as of acceptable quality according to this index. After 12 days storage, the putrescine and cadaverine concentrations were 44.45 and 49.91 mg/kg, with these amines showing the greatest increases. Histamine and tyramine did not exceed 5.65 and 1.97 mg/kg, respectively, while tryptamine and 2-phenyletylamine were conveniently detected with the new method, although they did not exceed values of 1 mg/kg at any point. Agmatine and spermidine reached concentrations of almost 20 mg/kg by the end of the storage period, while there was no variation in the level of spermine, which remained at around 10 mg/kg. These results also agree with those obtained from the BAI ( Table 7) . The highest levels of biogenic amines in sardine corresponded to a higher BAI (3.16) than in sea bream (0.58), which corresponds to borderline quality in sardine at the point when it was discarded, on day 12 of storage. In general, low levels of biogenic amines were observed in this study, possibly due to the excellent hygienic quality of the raw material and the appropriate storage conditions, with the fish kept refrigerated at low temperatures 2 ± 1°C. These results were similar to those observed by other authors after 13-16 days refrigerated storage of sardine [4, 33] and other species such as herring [35] or barramundi [9] . An example of a chromatogram obtained in sardine after 12 days storage is shown in Fig. 3b .
The chromatogram in Fig. 3c shows the presence of biogenic amines in sea bream muscle after 17 days refrigerated storage. No amines, with the exception of spermine, were detected in appreciable quantities in the fresh muscle at the start of storage, as shown in Table 7 . At Tyr tyramine, Phe b-phenylethylamine, Him histamine, Try tryptamine, Put putrescine, Cad cadaverine, Agm agmatine, Spd spermidine, Spm spermine, RSD Relative standard deviation the end of the storage period, only cadaverine reached levels of 3.83 mg/kg. Lower concentrations were observed of agmatine (1.52 mg/kg) and putrescine (1.06 mg/kg). Tryptamine levels were below 1 mg/kg, and it should be taken into account that high concentrations of this amine are not present in fish, in contrast to meat and meat products [21, 36] . These results were similar to those obtained by other authors for the same species [37] and other semioily species such as sea bass [38] in which putrescine and cadaverine appear as the predominant amines after 16-18 days refrigerated storage. Changes in the BAI (Table 7) in sea bream at the end of the storage period were lower (0.58) than in sardine (3.16). According to this result the sea bream can be considered as acceptable at the end of storage, while the sardine was borderline. In this case the use of the BAI for these two species can be considered as an adequate index of quality and acceptability, especially in this type of species.
Conclusion
Applying the simplex method for optimization of a biogenic amines determination method, with the mixture of the organic solvent 2-propanol in mobile phases A and B, and modification of a gradient curve to -6.4, achieved a reduction of 9 min in analysis time, compared with the original method, and correct separation of all the amines studied including two new amines, b-phenylethylamine and tryptamine. The use of the optimized and validated method presented adequate linearity, sensitivity and repeatability. Its application to sardine and sea bream samples under refrigerated storage allowed the efficacy of the method to be proved, demonstrating sufficient sensitivity to analyze the presence of all the amines studied.
